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ABSTRACT 

We present the first strong-lensing (SL) analysis of the galaxy cluster ACT-CL J0102-4915 {El 
Gordo), in recent HST/ ACS images, revealing a prominent strong lens at a redshift of z = 0.87. 
This finding adds to the already-established unique properties of El Gordo: it is the most massive, 
hot. X-ray luminous, and bright Sunyaev-Zeldovich effect cluster at z > 0.6, and the only 'buUet'-like 
merging cluster known at these redshifts. The lens consists of two merging massive clumps, where for 
a source redshift of Zg ~ 2 each clump exhibits only a small, separate critical area, with a total area 
of 0.69 ± O.lln' over the two clumps. For a higher source redshift, Zg ~ 4, the critical curves of the 
two clumps merge together into one bigger and very elongated lens (axis ratio ~ 5.5), enclosing an 
effective area of 1.44±0.22n'. The critical curves continue expanding with increasing redshift so that 
for high-redshift sources (z^ > 9) they enclose an area of ^ 1.91 ± O.SOD' (effective 9^ — 46.8 ± 3.7") 
and a mass of 6.09 ± 1.04 x lO^''Af0. According to our model, the area of high magnification {fj, > 10) 
for such high redshift sources is ~ 1.2n', and the area with /x > 5 is ~ 2.3n', making El Gordo a 
compelling target for studying the high-redshift Universe. We obtain a strong lower limit on the total 
mass of El Gordo, > 1.7 x IO^^Mq from the SL regime alone, suggesting a total mass of, roughly, 
M200 ~ 2.3 X IQ-'^^Mq. Our results should be revisited when additional spectroscopic and HST imaging 
data are available. 

Subject headings: dark matter, galaxies: clusters: individuals: ACT-CL J0102-4915, galaxies: clusters: 
general, galaxies: high-redshift, gravitational lensing: strong 



1. INTRODUCTION 

Massive galaxy clusters at high redshifts are rare beasts 
that hold important clues to the evolution of structure 
in the Universe, and ca n help probe the cur r ent ACDM 
paradigm (e.g. Harrison fc H otchkiss 2012 Waizmann 
et al.||2012[[Zitrin et al.||2009a| . 

In this study we tocus on ACT-CL J0102-4915, El 
Gordo, a high redshift (z — 0.87), massive cluster dis- 
covered by the Atacama Cosmology Telescop e (ACT) as 
the most signifi cant Sunyaev-Zeldovich (SZ; Sunyaev & 
Zeldovich|1972[) decrement in their survey area ot ^1000 



up using the Very Large Telescope (VLT), Ghandra and 
Spitzer. The spectra of 89 member galaxies yielded a 
cluster redshift, z = 0.870, and a velocity dispersion, 
agai = 1321 ± 106 km s~^. Their Chandra observations 
revealed a hot {kTx = 14.5 ± 1.0 keV) and X-ray lumi- 
nous {Lx — 2.19 ± 0.11 X 10'^^ erg s~^) system with a 



deg^ (Marriage et al. 2011 Menanteau et al.|2012 Has- 
selfielJet al.|2013[ ). Ihe cluster was also detected by the 
South Pole Telescope (SPT) in their 2,500 dcg^ su rvey as 
the h ighest significance SZ detection (Williamso n et al. 
2011 1). Additionally, recent results by the Planck Col 



laboration et al. ( [2013 see Fig. 29 and related catalog 
therein) confirm that El Gordo is an extreme case, with 



the highest SZ-estimated mass at z > 0.65. Menanteau 



et al. ([2012 1 pursued an efficient multi- wavelength follow 
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complex morphology (see Menanteau et al. 2012); these 
values place El Gordo at the extreme massive end of all 
k nown clusters. ^_^ 

Menanteau et al. (2012) determined the mass of El 
Gordo to be M200 = 2.16 ± 0.32 x 10^^ M©, using mul- 
tiple proxies such as the SZ effect. X-ray, and dynamics, 
making it the most massive and X-ray luminous galaxy 
cluster known at z > 0.6. Additionally, Ghandra and 
VLT/F0RS2 optical data revealed that El Gordo is un- 
dergoing a major merger between two components with 
a mass ratio of approximately 2 to 1; the most plausi- 
ble direction for the merger infe rred from the structures 
seen in the X-ray emission (see Menanteau et al. 2012 1 
is along the NW-SE axis. To our knowledge. El Gordo is 
the only "Bullet-like" cluster known to date at z > 0.6. 

Due to the improvement of lens modeling techniques, 
Hubble Space Telescope {HST) imaging and the studies 
of the high redshift Universe through cluster lenses (e.g. 
Kneib et al.| [20041 [Bradley et al.| [20081 ' ^OTT: Richard 
et al 



20111 IBradac et al.||2012| [Zheng et al. 2012, Zitrin 
2012b; Coe ct al. 201217 the lensing emciency and 
magnification power of galaxy clusters have been increas 
ingly studied in re cent years, in pursuit of the best cos 



mic telescopes (e.g. Oguri & Blandford 2009; Fedeli et al 



20T0J[Meneghetti et al.l2010; Rcdlich ct al. 2012 ; Wong 



et al.|2012| [Zitrin et al.|2012a[ ' ]20l3p . The efficiency and 



Zitrin et al. 



magnifying capabilities of a lens depend on a variety of 
factors, such as the mass, ellipticity, concentration, mass 
profile, amount of substructure and its distance from the 
center, and degree of relaxation or merger, as well as 
the redshift of the lens (and source) . Recent efforts have 
now established that there exists a particular class of 
prominent strong lenses, consisting of massive, mostly 
merging clusters (being found at increasing redshifts) for 
which the critical curves of the several mass clumps and 
different substructures can merge together into a big- 
ger lens, resulting also in a shallower inner mass profile 
with higher magnification power. In addition, it has also 
been shown that high elongation of the critical curves 
boosts the lensing efficiency since the source-plane caus- 
tics get relatively bigger, generating more multiple image 
systems. We refer the reader to the follo wing examples 
and related comprehens i ve studies (e .g Fedcli ct al. 2010; 
Meneg hetti et aL|[2010l |Lapi et al.|[2012j Giocoli et al 
2012|J Screno fc Zitrin||2012| [Paraficz et al.l|2012[ IRedlich 
erall[2012| |Wong et al.||2012| [Zitrin et al.||2009al|2012a^ 
20T3f . 

Fot example, following these conclusions, such merg- 
ing or substructured clusters have been nowprioritized 
and chosen for the pioneering Frontier FieldfR program, 
set to detect the highest redshift galaxies magnified by 
cosmic telescopes, with the HST. 

Here, we present the first strong lensing (SL) analysis 
of El Gordo, in recent HST imaging with the Advanced 
Camera for Surveys (ACS). This cluster fulfills the cri- 
teria of the strongest lenses known experiencing a major 
merger between two massive clumps and has a very elon- 
gated mass distribution, yet has an additional intriguing 
property: its high redshift (z; = 0.87). For this lens 
redshift, the relative lensing distance, i.e. lens-to-source 
angular diameter distance over the source angular diame- 
ter distance, or Dig/ Dg, increases substantially for higher 
redshift sources (relative to lower redshift sources) result- 
ing in, relatively, rapidly expanding critical curves, form- 
ing a useful lens for observing the high-z Universe, as we 
shall show below. Throughout we adopt a concordance 
ACDM cosmology with (fimo = 0.3, f^Ao = 0.7, Hq = 100 
h km s~^Mpc"\ with h = 0.7), where 1" = 7.71 kpc at 
the redshift of El Gordo. 

2. OBSERVATIONS AND DATA REDUCTION 

El Gordo was imaged with the ACS on board the 
HST in the F625W, F775W, and F850LP bands, on 
2012 Sep 19 (prop ID: 12755, PI: Hughes), with inte- 
gration times of 2344s, 2512s, and 2516s, respectively. 
The ACS dataset consists of two contiguous pointings 
centered on the NW and SE clumps of the cluster with 
a rotation angle of approximately 55 deg. The data were 
first processed by the STScI ACS Calibration pipeline 
(CALACS), which included bias and dark subtraction, 
ilat-fielding, counts-to-electrons conversion and charge 
transfer efficiency (CTE) correction u s ing t he Pixel- 
based method described in Ubeda et al. (2012). 

The images wer e then proces sed using an updated 
version of APSIS ( Blakeslee et al.^2003) , to reject cos- 
mic rays (CRs) and combine the images in each band 
into geometrically corrected, single- field drizzled images. 
Object detection, extraction, and integrated photome- 

^ http://www.stsci.edu/hst/campaigns/frontier-fields/ 



try, w ere performed using SExtractor ( Bertin & Arnouts 
19961 catalogs, produced by the Apsis pipeline. Pho- 



tometric redshift estimates were computed with the 
Baye sian Photometric Redshift package (BPZ; Beni'tez 
20001 using isophotal-corrected magnitudes, and the 



prior calibrated with the northern HDF (HDF-N) spec 
troscopic sample. 

We also make partial use here of the discovery obser- 
vations of El Gordo, which took place in 2009 Decem- 
ber with the 4.1 m SOAR Telescope using the griz filter 
set, with exposure times of 540s, 720s, 2200s, and 2200s, 
respectivel y, and a typical seeing of < 0".7 (Menanteau 
et al. 2012 for complete details). Subsequently, El Gordo 
was observed using the F0RS2 on VLT providing red- 
shifts for 123 objects (89 cluster members). In addition 
to the HST images which are our primary dataset for 
the lensing analysis, we use these other data both to help 
choose cluster members and visually inspect multiple im- 
age candidates, particularly in the SOAR g-band data, 
which cover bluer wavelengths than the ACS F625W fil- 



ter. 



3. STRONG LENSING ANALYSIS OF EL GORDO 



For the S L analysis of E l Gordo , we first use the method 
outlined in Zitrin et al. (2009b) which adopts a light- 
traces- mass (L'l'M) assumption tor both the galaxies and 
dark matter (DM), where the latter is simply a smoothed 
version of the former, and the two components are added 
together and supplemented by an external s hear to allow 
for more freedom and higher elon gation (see Broadhurst 



et al. 2005 Zitrin et al. 



2009b for full details), 'i'his 



method has been successfully applied to a large number 



of clusters 



e^ 



Zitrin ct al. 2011, 2012c, 2013 Merten 



et al 2011[|Coe et al.|2012[|Zheng et al |2012[ ). Thanks to 
the Ll'M assumption and the low number oi parameters, 
the initial model is already constrained well enough to aid 
in finding, physically, multiple images across the cluster 
field, which are then used to iteratively refine the model. 
With this method, along with a complementary exami- 
nation by eye, we uncovered in El Gordo four secure sets 
of multiple images and five additional multiply-imaged 
candidate systems. 

After physically matching up multiple images with 
the LTM model, we then model the cluster with a 
more flexible parametrization, consisting of two ellipti- 
cal NEW halos (eNEW) representing the two cluster- 
scale DM clumps, and adopting Pseudo-Isothermal Ellip- 
tical Mass Distributions (PIEMD) for the galaxies. This 
parametrization consists of a total of 10 fundamental pa- 
rameters: r*jjj and ctq, the cutoff radius and velocity dis- 
persion of a typical L* galaxy , for the PIEMD galaxy 
models (e.g. |Jullo et al. 2007); the scale radius r^ and 
the concentration parameter Cmr, as well as the elliptic- 
ity and its position angle, for each of the two eNEW ha- 
los, whose centers are fixed on the central galaxies of the 
SE and NW clumps, respectively. The best fit solution is 
obtained via a long (several dozens of thousands steps) 
Monte-Carlo Markov Chain (MCMC) minimization. We 
previously used this method in our r ecent work, where 



more complete details can be found (jZitrin et al. 2013 
and references therein) 

In total, we found 27 multiple images and candidates 
of 9 background sources (Table [11 Figs. [l]andl2]), all of 
which were previously unknown, except for the giant arc 
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Fig. 1.— Critical curves for different source redshifts overlaid on a 3-band HST image of El Gordo (RGB = [F850LP. F775W, F625VF1; 
North is 35 degrees counterclockwise of the positive y-axis). Using our unique LTM mass modeling technique | |Zitrin et al.|2009b^ we have 
been able to physically find the first 27 multiple images and candidates of at least 9 background sources, as labeled on tne irnage ("c" 
stands for candidate). We then used these multiple-image constraints to model the cluster as two eNFW halos representing the DM, plus 
PIEMD parameterizations for the galaxies. The resulting critical curves overlaid in blue correspond roughly to systems 1, 2, and 4, at a 
typical redshift of 2^ ~ 2 — 2.5. With increasing redshift the critical curves of the two clumps merge together into one bigger lens. Overlaid 
in white are the critical curves for a source at Zs "^ 4 (system 3), and the outer red critical curve corresponds to a high-redshift, Zs ~ 9 
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Fig. 2. — Zoomed-in examples of multiple images identified. 



(images 2.1+2.2) noted by Menanteau et al. (2012) as a 
possible multiply-lensed galaxy. All images not marked 
as candidates were used as constraints for the model: 25 
images and internal distinctive knots, ol 4 sources. The 
multiple images uncovered are well detected in the bluest 
HST, F625W band, and in the bluer, ground-based g- 
band (Q and thus cannot be at redshifts larger than 
Zs ^ 4. TJue to the high redshift of the cluster, it is also 
not likely that they are at lower redshifts than Zg ~ 1.5, 
since the lensing efficiency for lower source redshifts is 
very low. System 3 is only marginally detected in the 
g-hemd and thus is probably at a higher redshift than 
most of the other systems, around z^ ~ 4, as also sup- 
ported by our initial LTM model. Using this fact as a 
prior on the photo-z of this system, we obtain a combined 
redshift and 95% C.L. of 4.16 [4.04-4.23] for system 3. 
These constraints allow us to construct a SL mass model 
with Bayesian estimates for the model variables, includ- 
ing the redshifts of the different multiply-lensed sources. 
We thus fix the redshift of system 3 to Zphot = 4.16, and 
allow the redshifts of the other systems (1, 2, and 4) to 
vary around their median photo-z value, with a flat prior. 
The resulting model redshift estimates are given in Table 

m 

For the final model, the image-plane reproduction 
rms(x^) is 3.2"(122.66), using only images (and their dis- 
tinctive knots) referred to as secure. For the x^ we used 
a positional error of apos = 1.4", which was found to be a 
reasonable value accounting f or large-scale structure and 




Fig. 3. — Surface density (k) map of El Gordo (arbitrary color 
scale). Orientation is identical to that of Fig. IT] Overlaid in black 
are the Chan dra X-ray surface brightness contours from Menanteau] 
|et al.| ( |2012| see also for discussion on the observed offsets from tEe 
A-ray peak) . 

is 23 yielding correspondingly x^/DOF=5.3. These val- 
ues are slightly higher than similar detailed lensing anal- 
yses, but are typical of complex or merging s ystems (e.g. 
Broadhurst et al.|2005 Limousin et al.|2012). Also, note 



matter along the line-of-sight ( ]Jul lo et al.|2010 D'Aloisio 
& Natarajan"2011| lHostl |2012|. I'he multiple-images in- 



put comprises 25 constraints, where the number of DOF 



that due to the relatively low number ot constraints we 
did not leave the BCGs or other bright members to be 
freely weighted, nor allowed the NFW halo centers to 
vary, which often refine the fit. We note that with fur- 
ther careful analysis and additional HST observations 
particularly with a wider color range, more multiple im- 
age systems are anticipated to be uncovered, and the 
mass model could be improved further. 

3.1. Results and Discussion 

In Fig. Jl]we show the resulting critical curves for dif- 
ferent source redshifts. The critical area for systems 
1, 2, and 4, estimated at a typical source redshift of 
Zs ^ 2 — 2.5, consists of two separate critical curves 
encircling the NW and SE mass peaks. The mass en- 
closed within this total critical area of 0.69 ± 0.1 ID', is 
3.12 ± 0.53 X IO^^Mq (errors correspond to la). For 
system 3, at an estimated source redshift of Zg — 4.16, 
the critical curves of the two clumps merge together into 
one bigger lens, enclosing an area of 1.44 ± 0.22n', and 
a mass of 5.06 ± 0.86 x 10^'^ Mq. For a much higher 
source redshift, z^ ~ 9 for example, the critical curves 
enclose an area of 1.91±0.30n' (effective Einstein radius 

of 6'e = y^ ~ 46.8 ± 3.7", or ~ 361 ± 29 kpc), and 

a mass of 6.09 ± 1.04 x 1O"M0. Additionally, we find 
that for this source redshift, the area of high magnifi- 
cation (/i > 10) is ~ 1.15n', and the area with /z > 5 is 
~ 2.25n'. These numbers mark El Gordo as a compelling 
cosmic lens for studying the high-redshift Universe. 
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TABLE 1 
Multiple Images and Candidates found by our LTM method 



Arc ID 


RA(J2000.0) 


DEC(J2000.0) 


phot-Z [Zmin-^max 




^model 


A pos " 


comments 


1.1a 


01:02:53.293 


-49:15:16.13 


1.800 


1.613-2.810 




2.69 [1.15-3.38] 


1.1 






1.2a 


01:02:52.837 


-49:15:18.02 


1.700 


1.520-2.980 




— 


4.8 






1.3a 


01:02:55.422 


-49:14:59.69 


2.380 


1.880-2.690 




— 


5.1 






1.1b 


01:02:53.340 


-49:15:16.00 


1.180 


1.035-2.400 




— 


1.0 






1.2b 


01:02:52.772 


-49:15:18.34 


1.690 


1.511-2.320 




— 


4.7 






1.3b 


01:02:55.402 


-49:15:00.01 


2.400 


1.880-2.710 




— 


5.1 






1.1c 


01:02:53.489 


-49:15:15.65 


2.200 


1.987-3.310 




— 


0.8 






1.2c 


01:02:52.618 


-49:15:19.32 


2.800 


2.470-3.053 




— 


4.1 






1.3c 


01:02:55.331 


-49:15:00.86 


2.800 


2.540-3.053 




— 


5.2 






2.1a 


01:02:55.861 


-49:15:51.94 


2.210 


1.996-2.460 




2.11 11.85-3.07] 


1.5 






2.2a 


01:02:56.760 


-49:15:45.58 


3.140 


2.864-3.416 






3.2 






2.3a 


01:02:54.418 


-49:16:04.20 


2.510 


2.276-2.750 






2.4 






2.1b 


01:02:55.704 


-49:15:53.32 


— 




1.7 






2.2b 


01:02:56.885 


-49:15:45.06 


— 




1.3 






2.3b 


01:02:54.467 


-49:16:03.89 


— 




0.2 






2.1c 


01:02:56.005 


-49:15:50.81 


— 




1.3 






2.2c 


01:02:56.584 


-49:15:46.74 


— 




0.7 






2.3c 


01:02:54.394 


-49:16:04.18 


— 




0.6 






3.1 


01:02:56.268 


-49:15:06.60 


4.160 


3.816-4.504 




4.16 


1.4 


sys fixed to 2p(iot=4.16 




3.2 


01:02:54.760 


-49:15:19.18 


1.100 


0.960-3.980 






0.9 


Zphot 4.000 3.420-4.333 using a prior (! 


3 


1 


3.3 


01:02:51.545 


-49:15:38.02 


0.900 


0.773-4.390 






2.2 


Zphot 4.360 4.003-4.717 using a prior ([ 


3 


1 


4.1 


01:02:59.997 


-49:15:49.11 


1.690 


1.511-3.310 




2.15 [1.86-2.91] 


6.1 






4.2 


01:02:58.148 


-49:16:21.50 


2.240 


2.024-3.040 






3.0 






c4.3 


01:02:58.178 


-49:16:24.10 


2.100 


1.893-3.060 






0.3 


probable radial counter image 




4.4 


01:02:55.362 


-49:16:25.73 


2.300 


2.080-3.120 






1.9 






4.5 


01:02:56.610 


-49:16:07.91 


4.070 


3.732-4.408 






3.6 


blended with nearby galaxy 




c5.1 


01:02:59.612 


-49:16:26.16 


0.940 


0.811-1.130 




2.21 [1.91-4.04] 


3.6 






c5.2 


01:02:59.449 


-49:16:27.81 


0.920 


0.792-1.330 






1.7 






c5.3 


01:02:54.942 


-49:16:35.58 


1.200 


1.053-1.450 






5.6 






c6.1 


01:02:52.380 


-49:15:00.91 


3.100 


1.720-3.373 




2.12 [1.65-3.66] 


4.7 






c6.2 


01:02:54.167 


-49:14:54.54 


0.950 


0.820-1.420 






5.6 






c7.1 


01:02:55.499 


-49:16:06.89 


0.900 


0.773-1.120 




2.01 [1.32-3.75] 


2.6 






c7.2 


01:02:54.938 


-49:16:14.42 


0.900 


0.773-1.190 






0.2 






c8.1 


01:02:55.858 


-49:16:07.13 


1.750 


1.567-2.760 




1.86 [1.58-2.59] 


2.8 






c8.2 


01:02:55.222 


-49:16:15.78 


1.900 


1.707-3.270 






2.1 






c8.3 


01:02:58.026 


-49:15:51.33 


1.440 


1.190-2.270 






0.8 






c9.1 


01:02:56.309 


-49:16:07.53 


2.190 


1.977-3.150 




1.95 [1.28-2.75] 


2.7 






c9.2? 


01:02:55.179 


-49:16:22.71 


3.300 


2.320-3.587 






2.2 






c9.2? 


01:02:55.652 


-49:16:17.11 


2.220 


1.910-2.910 






2.8 






c9.3 


01:02:59.054 


-49:15:52.92 


2.300 


1.960-2.810 






4.5 







Note. — Column 1: arc ID. "c"-ID stands for candidate, for which the model-predicted location, or identification by eye, was ambiguous. 
For systems 1 and 2 we identify and use different parts of the images designated by their ID followed by a/b/c; Columns 2 & 3: RA and 
DEC in J2000.0; Column 4: photometric redshift and 95% C.L.; Column 5: predicted and 95% C.L. redshift by the model; Column 6: 
reproduction distance of the image from its observed location, using a mean source position; Column 1: comments. 



Our mass model suggests a mass ratio of ^1.5:1 be- 
tween the SE and NW clumps, respectively (see Fig. [s]). 
N ote that this is opposite to the mass ratio calculated 



20T2I IRedlich et al.|[20T2| |Wong et alT][20T2{ [Zitmi et al | 
2012a|), and previoi is well-studied examples (e. g. MACS 



IVIenanteau et al. (20121, which found by velocity dis- 
persion measurements that the NW clump was approx- 
imately twice as massive as the SE clump. However, 
clearly, the overall properties of a halo cannot be de- 
duced properly from the narrow SL regime alone, and so 
we leave further examination of the mass ratio to com- 
plementary weak-lensing studies. 

To constrain the total mass of this cluster, we simply 
sum the mass within the FOV presented in Fig. [31 ob- 
taining a mass of ~ 1.7 x VS^^Mq in that region which 
constitutes a strong lower limit for the total mass of this 
system. A simple NFW fit, for example, to the radial 
mass profile (of the mass map presented in Fig. pi) cen- 
tered on the optical midpoint between the two clumps, 
suggests an overall mass of Af200 — 2.3 x IO^^Mq. This 
simplified, rough estimate, is in good agreement with 
the multi-method estimates of Menanteau et al. (2012); 
M200 = 2.16 ± 0.32 X 10^5 MfT). 



J0717".5-(-3745, Zit rin et al.||2009a[|Limousin et al. 2012 
the Bullet c luster |Bradac et al. 2006: Para ficzet al.|2012 



Recent statistical studies (e.g. Oguri fc Blandford|2009 



[Fedeh et al.|2010[[MeM;ghetti et aT 



ereno &: Zitrin| 



Abell 2744 MertenetaL 2011), have shown that mas- 
sive merging clusters, can form efficient lenses due to the 
substructured, spread out mass distribution which boosts 
the critical area, but also entails, usually, an overall shal- 
lower m ass profile enhancing the magnification power 
(see also jCoe et~al 2012; Zheng ct al. 20T2| . In addi- 
tion, recently Zitrin et al. (2013) showed that higher ellip- 
ticities enhance the iensing efficiency producing a larger 
number of multiple images per critical area, since the 
source-plane caustics are relatively bigger. Our analysis 
shows that El Gordo has a highly elongated mass distri- 
bution, or critical curves, with an axis ratio of approx- 
imately ~ 5.5, implying that more multiple images are 
likely to be un covered in its field w ith deeper space imag- 
ing. Although Zitrin et al. ( 2013 ) have found a similarly 
high axis ratio tor MACS J0416.1-2403, their numerical 
simulations also indicate that such high elongations are 
rare; only 4% of clusters with Myir > 6 x lO^'*/i~^M0 ex- 
hibit such high elongations, highlighting the exceptional 



Zitrin et al. 



nature of El Gordo as a cosmic lens. 



et al 



Using an up-to-date luminosity function (see §8 in Coe 

we predict 

4 



Hotchkiss 2012 Waizmann et al 



2012 ) convolved with our lens model 
that i/7 Gordo should comprise a few dozen z^ ~ 4 — 6 
galaxies, roughly three z^ ~ 8 galaxies, and possibly a 
few more at z > 9 (with observations as deep as e.g. 
26.75 AB in HST's F160W band, lOcr), taking into ac- 
count two adjacent WFC3/IR pointings covering roughly 
the FOV seen in Fig. [I] This is a fair numbe r of high- 
z gala xies for a single cluster. For comparison, |Bouwens| 



et al. (12012) found three z^ ~ 9—10 galaxies over 19 Glus- 
ter Lensmq And Supernova survey with Hubble (CLASH; 
Postman et al.|2012J clusters with a similar depth of ^27 
AB, and about ~ 15 z^ ~ 8 galaxies are expected to 
be uncovered over the same fields (L. Bradley et al., in 
prep). 

4. SUMMARY 

We presented the first SL study of El Gordo, in which 
we uncovered 27 multiple images and candidates of 9 
background sources, revealing a prominent and highly 
elongated zi = 0.87 lens efficient for lensing high-redshift 
sources. The resulting critical curves expand relatively 
rapidly with source redshift as may be expected from the 
redshift of the cluster, reaching a critical area of about 
^ 2n' for Zs > 10, and enclosing a mass of more than 
6 X IQ^^Mq. According to our model, for such high- 
z sources the area of high magnification (/i > 10) is 
~ 1.2n', and the area with /.t > 5 is ~ 2.30'. This 
rare lens shows again, as recently appreciated by various 
works, that the lensing properties of merging clusters, are 
usually boosted (dependent on the mass, sh ape, and dis- 
tance betwee n the merging subclumps, e.g. IZitrin et al 
2013; see also |Fedeh et al.|2010[[Redfich et al.|2012||Wong 
et al..2012"] ). 

We obtained a strong lower mass limit for El Gordo 
of ~ 1.7 X IQ^^Mq from the SL regime alone, suggest- 
ing, crudely, a tot al mass of M2 nn — 2.3 x IQ-^^Mfn 



in agreement with 
2.16 ±0.32 X 10^5 



Menanteau et al. (2012), M200 = 



Mq. The existence of such massive 
clusters, in part icular at redshifts as high as El Gordo's 



Gonzalez et al. 



and above (e.g . Jee & Tyson 2009 Rosati et al. 2009 



012), can probe and provide interestmg 



insight on structure formation in ACDM (e.g. Harrison & 



atorementioned mass estimate, Menanteau et al. (2012) 



20121). Based on their 



found that El Gordo, by itself, did not pose a strong 
challenge to ACDM. However, they noted that a more 
accurate mass estimate would be required to test this 
conclusion; if the mass were 3cr higher than their esti- 
mate, El Gordo would no longer be predicted to exist 
in ACDM, over the whole sky, with a 95% confidence 
level. In this relation, we note that future spectroscopy 
and space imaging of this cluster should help to uncover 
more sets of multiple images, obtain more accurate red- 
shifts, refine the mass model, and enhance the reliability 
of our results. We leave further discussion on the rarity 
of El Gordo to future papers including both strong and 
weak lensing, when the characteristics of this cluster over 
the entire observed spectrum and radius range, are well 
understood. 

In addition to testing cosmological models, cluster 
physics and structure evolution, based on its lensing 
properties outlined in this work. El Gordo is yet another 
compelling target to access the early Universe searching 
for the first galaxies, in part icular in the era of recent 
z > 10 galaxy discoveries (e.g.|Bouwens et al.|2011 12012 



.-^,..^„-^., ^ . ^.„. ,..„..^-^ [2l.-. 

Coe et al.f2012||Zheng et al. 2012: El lis et al.||20l3| anc 
the upcorning Hs'l' I'rontier Fields science. 
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